Textures of severely cold-rolled Ti-24 mol%Nb-3 mol%Al superelastic alloy were examined by X-ray pole figure measurements for the bcc parent phase () and the relationship between transformation strain and loading direction was evaluated on the basis of the lattice correspondence and change in the potential energy of an external stress. A well-developed recrystallization texture of h110i f112g type was confirmed by X-ray pole figure measurements for the material which was 99% cold-rolled followed by a solution-treatment at 1273 K. Crystallographic analysis showed that the maximum dilatation component of the martensitic transformation from to 00 is h110i parallel to the rolling direction (RD). An energy consideration revealed that only one 00 -variant (lattice-correspondence variant) can be induced by the tensile stress along RD when the recrystallization texture appears. The transformation strain generated under the RD tension was about three times larger than that generated under the tension along transverse direction (TD). These calculations were in good agreement with experimental evidences.
Introduction
Shape memory alloys (SMAs) and superelastic alloys (SEAs) are smart materials which can be used for biomedical applications due to their unique mechanical properties. Although only Ti-Ni alloys have been used for practical biomedical applications because of their superior shape memory and superelastic properties as well as corrosion resistance, the possibility of Ni hypersensitivity has been pointed out due to the constituent Ni. Therefore, new biomedical SMAs consisting of nontoxic elements only, especially Ni-free, are required in order to replace Ti-Ni SMAs.
It has been reported that some -Ti alloys have a martensitic transformation from -phase (bcc) to 0 -phase (hcp) or 00 -phase (C-centered orthorhombic lattice) by quenching. [1] [2] [3] Then our group has systematically investigated shape memory effects and superelasticity of Ti-Mo-X and Ti-Nb-X alloys (X = Al, Si, Ge, Ga and In), [4] [5] [6] [7] and appearance of the shape memory effect and the superelasticity have been confirmed. However, the amount of superelastic strain was not sufficient to replace Ti-Ni SMAs in the practical applications partially because the transformation strain of the -00 martensitic transformation is essentially small compared to that of Ti-Ni.
A single crystal of SMAs and SEAs can exhibits the maximum transformation strain for a certain crystallographic direction when it was deformed into single variant of martensite. Therefore, it is effective to control a welldeveloped texture in polycrystalline SEAs to increase the available macroscopic transformation strain. Some -Ti alloys are known to have a good cold-workability. Thus, it must be possible to develop a well-developed texture by a severe cold-rolling. The objective of this study is to examine textures of severely cold-rolled Ti-24 mol%Nb-3 mol%Al alloy and to evaluate a dependence between available transformation strain and the loading direction theoretically. The details of the experimental superelastic behavior were presented in another paper. 8) 
Experimental Procedures
A Ti-Nb-Al alloy with a nominal composition of Ti-24 mol%Nb-3 mol%Al was prepared by Ar arc-melting method using high purity (99.99%) starting elements of Ti, Nb and Al under an Ar-1%H 2 atmosphere. Ingots were about 30 g each and no significant change in weight was detected before and after the arc-melting. The concentration of oxygen was estimated to be about 10 À3 $10 À4 mol% in the ingots prepared by this method. The ingots were sealed into quartz tubes and homogenized at 1273 K for 7.2 ks in vacuum, and then quenched into water by breaking the quartz tubes in water. The surface layer of the homogenized ingots was ground off and then cold-rolling of 99% reduction in thickness was carried out. The final thickness of the material was about 0.1 mm. The as-rolled materials were sealed into quartz tubes and then solution-treated at 1273 K for 1.8 ks in vacuum. The materials were quenched into water by breaking the quartz tubes in water.
The specimens for optical microscopy observations were mechanically polished by emery papers and diamond pastes with diameter of up to 1 mm and followed by electropolishing using 6 pct perchloric acid + 35 pct buthanol + 59 pct methanol solution under 20 V at 220 K. Chemical etching was done by using 8 pct hydrofluoric acid + 15 pct nitric acid + 77 pct distilled water solution at room temperature (RT, 298 K). Observations were carried out using a scanning laser microscope. The temperature of the solution used in the electro-polishing was much higher than the martensite-start temperature (M s ) of this material. 8) The specimens for the X-ray diffraction measurements were also mechanically polished and then finished by electropolishing. A conventional -2 X-ray diffraction analysis (XRD) was conducted at RT with CuK radiation using Philips X'pert Pro Galaxy system equipped with an X'celarator module and TTK-450 temperature control stage. Si was used as a reference material. In addition to the severely coldrolled material, the specimens for -2 XRD phase analysis was specially prepared without severe cold-rolling to observe all possible diffraction peaks with a significant intensity.
X-ray pole figure measurements were also conducted with CuK radiation at RT using Philips X'pert Pro MRD system equipped with a Ge-monochromater. Beam size of the X-ray was set to be 1 mm Â 1 mm in the pole figure measurements. The range of elevation angle () was from 0 degree to 85 degrees with a step size of 2.5 degrees. The step size of was 5 degrees and the scan range was from 0 to 360 degrees.
Thin foils for transmission electron microscopy (TEM) observations were prepared by a twin-jet polishing technique at 233 K using a solution of 5 pct sulfuric acid + 2 pct hydrofluoric acid + 93 pct methanol solution. TEM observations were conducted using Philips CM200 operated at 200 kV.
Results and Discussion

Phase constitution
Figures 1(a) and (b) show XRD patterns of the solutiontreated material without severe cold-rolling measured at RT and at 83 K, respectively. The single phase of (bcc) was detected at RT. The lattice parameter of (¼ a ) was determined to be 0.3283 nm at RT by the least-square method, where the subscript indicates parent -phase.
At 83 K the second phase was detected in addition to the diffraction from . The second phase can be indexed with Ccentered orthorhombic lattice. The martensitic phase was stabilized at RT by the decrease in Nb concentration in the present alloy system. Ti-18 mol%Nb-3 mol%Al and Ti-20 mol%Nb-3 mol%Al alloys were fully martensitic phase of C-centered orthorhombic at RT. 11) Therefore, considering with these results of XRD measurements, the second phase detected in Ti-24 mol%Nb-3 mol%Al at 83 K was identified to be 00 -martensite of C-centered orthorhombic lattice (a 00 < c 00 < b 00 ). The subscript 00 indicates 00 -martensite, hereafter. In Ti-Nb binary system, the crystal structure of 00 -martensite has been reported to belong to Cmcm space group. 2, 3) Atoms are located at 000, 1/2 1/2 0, 0 1-2y 1/2 and 1/2 1/2-2y 1/2 positions and y is reported to be about 0.2 in Ti-Nb binary system. 2, 3) In the present study, the fractional coordinates of the atoms placed in the 00 unit cell in the Ti-24 mol%Nb-3 mol%Al alloy have not been entirely confirmed. However, the results of XRD measurements clearly shows that the martensitic transformation from to 00 occurs in Ti-24 mol%Nb-3 mol%Al alloy.
Phase analysis by the similar -2 scan was not able to be performed on the cold-rolled materials. This is because the cold-rolled materials were well textured and then only one or two diffraction peaks were detectable with a significant magnitude of intensity. The observed diffraction peak was a quite strong 112 peak in the solution treated material. This suggests that a well-developed texture was formed in the material which was produced by the cold-work. Figure 2 shows an optical micrograph of the material after the solution treatment. RD and TD are indicated by arrows in the figure. Optical microscopy observations at RT revealed that the grains of the solution-treated materials were equiaxed with an averaged grain size of 74 mm. No secondary phase was detected in the optical microscopy. This is in good agreement with the results of the XRD analysis.
Microstructures
TEM observations were conducted to obtain further information about the phase constitution and the substructure of the material. Each -grain was severely deformed by the cold-rolling. However, the dislocation density seemed to be drastically low by the solution treatment. Figure 3 The orientation relationship between and ! was close to f111g == f0001g ! and h110i == h11 2 20i ! . The presence of ! was detected entire grains by TEM. In dark field image taken using a reflection of !, fine nanometer-sized ! precipitates were observed. These ! must be the athermal ! which commonly exists in the Ti-Nb binary alloys.
3) It has been reported that the athermal ! formed during quenching does not degrade ductility in Ti-Nb system. 9) Any precipitates except for the fine ! and traces of order-disorder transformation were not detected by the TEM observations.
Textures
A well-developed rolling-texture was confirmed in the asrolled materials. The rolling-texture was seen to be a mixture of h110i f001g type and h112i f111g type texture. On the other hand, a simple recrystallization texture was formed by the solution treatment. Figures 4(a) , (b) and (c) show 110 , 200 and 112 pole figures of the solution treated material, respectively. It should be noted that these pole figures were not normalized by the diffraction intensity obtained from the alloy composed of small grains with random crystallographic orientation. RD is vertical in the paper, and TD is horizontal in the paper as shown in the figures. Dark and dense parts in the pole figures correspond to high intensity of diffracted Xray. A recrystallization texture was clearly observed in the pole figures. The background intensity (white region in the pole figures) was about 10 counts/sec and the maximum intensity was more than 40000 counts/sec in Fig. 4(a) . Therefore, the ratio between peak and background (P/B ratio) is about 4000 and the recrystallization texture was deduced to be well developed. It was found that recrystallization texture was h110i f112g type texture and the material was mainly consisted with two -variants which are twin-related each other. Stereoprojection in Fig. 4(d) shows the orientation relationship of the each -variant (denoted by A (the filled markers) and B (the open markers)). The relative volume fraction between the twovariants was not examined in this study. However, the transformation strain of the material can be calculated without considering the relative volume fraction between the two -variants because of the symmetry of the system, as shown in the latter section.
It should be worth while to note the effect of cold-rolling rate on the development of the texture. Figure 4 (e) shows 110 pole figure for the solution-treated material which was cold-rolled to be 95% reduction in thickness. Comparing Fig.  4(a) with Fig. 4(e) , it can be seen that the texture is much developed in the material with 99% cold-rolling reduction. The difference in reduction rate was 4% but the increase in the true strain was one and a half times. This fact should explain the well developed texture in the 99% cold-rolled material compared to that of 95% cold-rolled one. In our latest study, 8) the appearance of superelastic strain more than 4.7% was confirmed along RD direction in this textured material. Superelastic strain of 4.7% was the sum of the elastic strain of 2.2% and the transformation strain of 2.5% 8) On the other hand, only 2.2% of superelastic strain appears along TD in this material. 8) The superelastic behavior such as superelastic strain and stress to induce martensitic 0.5 µm transformation is sensitive to the characteristics of the texture and the crystallography of the martensite in the material. Thus, crystallographic analysis was conducted to evaluate the anisotropy in the superelastic behavior of the material, combined with a simple energy consideration in the h110i f112g recrystallization texture. Actual superelastic properties of this material have been presented in another paper in detail. 8) The following discussion is focused on; (1) lattice deformation strain of -00 transformation, (2) identification of the preferentially induced variant(s) under tensile loading in the h110i f112g texture, and (3) resultant transformation strain macroscopically appears along the loading direction. Then, theoretical evaluation is to be obtained for the superelastic behavior of the material.
Lattice deformation strain of the transformation
In general, the total shape change due to the martensitic transformation is consisted with the lattice deformation strain and the lattice invariant shear strain. 10) In this study, the latter was not considered for simplicity. The material was regarded as a single crystal of to evaluate the theoretical maximum value of the transformation strain which can be obtained in the well developed texture.
The lattice parameters of and 00 at RT in the present alloy are summarized here in order to calculate the lattice deformation strain. The apparent phase at RT is 00 in the alloys with 18$22 mol%Nb-3 mol%Al.
11) The lattice parameters of 00 in the present alloy were determined by the extrapolation of those of Ti-18$22 mol%Nb-3 mol%Al alloys and calculated to be as follows. where, the subscript 00 indicates 00 -martensite. It should be reminded that the present alloy (Ti-24 mol%Nb-3 mol%Al) is the single phase of at RT and the above lattice parameters of 00 are the extrapolated values when the 00 is stabilized at RT. Figure 5 (a) shows a Au-Cd type lattice correspondence.
12)
The -austenite (bcc) is indicated by the broken lines. The fct indicated by the solid lines transforms into the unit cell of 00 -martensite. This lattice correspondence was regarded as the most plausible one in this study and the lattice deformation strain was calculated based on this lattice correspondence. Figure 5 (b) shows a unit cell of an 00 -variant transformed from the solid-lined fct in Fig. 5(a) . Although the fractional coordinates of the broken-lined atoms were not clear in the 00 phase in our alloy, the lattice deformation strain does not depend on the positions of these atoms. One of h001i direction, for an example ½100 is compressed by the lattice ) transformed from the fct in (a). The positions of the atoms drawn by broken lines were unknown in our alloy. deformation (À2:5%). There are two h011i direction (i.e. ½011 and ½0 1 11 for the above example) which are perpendicular to the compression direction ½100 . One of the two h011i direction is elongated (þ2:7%) and the other is compressed in length by the lattice deformation (À0:5%). Using the lattice parameters above, a lattice deformation strain of the -00 transformation can be calculated as follows, referred to the conventional bcc lattice coordinate system. 
It can be deduced from the lattice correspondence that there are six lattice correspondence variants for the transformation. The transformation strains of each variant are calculated by suitable coordinate transformations of 1 B and denoted as i B, as summarized in Table 1 .
Preferred variant
When the transformation is induced by an external stress, the variants which reduce potential energy of the external stress can be preferentially formed. 13) Then, interaction energy U was calculated to evaluate which variant(s) among the six variants is (are) preferentially induced under a tensile loading of the h110i f112g textured material. According to Mura, 14) interaction energy for variant i (¼ i U) is defined as follows, for unit volume of the material with the assumption of the uniform elastic constants.
The negative value of i U indicates that the transformation i B is assisted by the stress in the total sum of components. Uniaxial tensile stress was employed in this calculation. The loading direction was varied from RD to TD in the plane of the cold-rolled sheets (=ND-plane) in the calculation as shown in Fig. 6 . The angle is the angle between tensile loading direction and RD. A uniaxial tensile stress of a unit magnitude is expressed as follows referred to the bcc lattice coordinate system (described with heavy lines in Fig. 6 ) as a function of .
The interaction energy i U was calculated referred to the bcc lattice coordinate system by substituting i B and into eq. (2). The calculation was conducted with a unit magnitude of a tensile stress . Therefore, the value of À i U corresponds to the tensile-strain component of i B projected along the tensile direction ( i " Ã ). Figure 7 shows U of each variant ( i U) as a function of loading direction. The vertical-axis represents the interaction energy i U. As shown in Fig. 4(d) , RD and TD correspond to common crystallographic directions in both -variants. The same results were calculated for both of the two -variants. Therefore, it is not necessary to take into account the Table 1 The lattice deformation strain of each variant referred to the bcc lattice coordinate. When the tensile direction is RD (==½110 , ¼ 0 ), only variant-5 has a negative U of À0:027 and can be stressinduced as seen in Fig. 7 . This means that when the specimen is entirely transformed into 00 of variant-5 by the assist of the tensile stress along RD, the transformation strain of þ2:7% appears macroscopically along RD. It can be also realized in Fig. 7 that more than one 00 -variant has negative U when is larger than about 10 degrees. In this case, more than one 00 -variant can be stress-induced and then, macroscopic transformation strain becomes an average of the transformation strains of each variant. 3.4.4 Macroscopic transformation strain along the tensile direction Let us evaluate the transformation strain macroscopically appears along the tensile direction when the specimen is entirely transformed into 00 -martensite under the applied stress. The macroscopic transformation strain of the material is determined by the transformation strains and the volume fractions of each variant induced by the tensile stress. Therefore, macroscopic transformation strain along tensile direction ( " " Ã ) is expressed as follows in case that the specimen is fully transformed into 00 -martensite;
where, k f is the volume fraction of variant-k at tensile direction of , and k " Ã is the tensile component of the transformation strain of variant-k along the tensile direction . Summation was carried out only for the variants which have negative U at . Put it that the volume fraction of each variant is proportional to the U of each variant, for a simple approximation. When variant-p, q and r have negative U at tensile direction of , f for each variant was calculated as follows in this study;
For an example, in case that ¼ 45 degrees, variant-3, 5 and 6 have U of negative as, 
These three variants can be stress-induced without any increase in potential energy of the external stress. Then, volume fraction of the three variants at ¼ 45 degrees were calculated as follows using eq. (5). Then, by substituting (6) and (7) into eq. (4), " " ¼45 Ã is calculated to be 0.01783. Similar calculations were conducted for the tensile directions of ¼ 0, 30, 45, 60 and 90 degrees and the calculated values of " " Ã are plotted in Fig. 8 with experimental values. 8) The maximum value of calculated " " ¼0 Ã was 2.7% (at ¼ 0 degree, RD ½110 ) where only variant-5 can be induced by the tensile stress. This means that the material exhibits essentially a large transformation strain along RD. This is in good agreement with the experimentally obtained value of 2.5%. On the other hand, " " Ã takes minimum value of 0.9% at ¼ 90 degrees (== TD ½1 1 11 ). The ratio " " ¼0 Ã = " " ¼90 Ã is 3. The transformation strain along RD is about three times larger than that along TD both in the calculation and in the experiments.
The calculated values of " " Ã were based on the assumption that the material is fully transformed into martensite under the tensile stress, and that the volume fraction of each variant obeys eq. (5). There were some deviations between the calculated " " Ã and the experimentally obtained " " Ã as seen in Fig. 8 . The observed deviations indicates that the approximations employed in this study were too rough to evaluate " " Ã accurately. However, the results of the calculation indicated at least qualitatively that a large transformation strain is available along RD, compared to any other loading directions in the ND-plane. The evaluation presented in this paper clearly explains that the formation of the h110i f112g recrystallization texture is the origin of the superior superelasticity along RD in this material. The formation of strong textures by a severe cold-work is an effective way to bring out a superior superelasticity in -Ti alloys.
Conclusions
Textures of severely cold-rolled Ti-24 mol%Nb-3 mol%Al superelastic alloy were examined by means of XRD pole (1) After the solution-treatment at 1273 K for 1.8 ks, a recrystallization texture of h110i f112g type is formed and well developed for 99% cold-rolled material. (2) The maximum dilatation component of the lattice deformation strain of -00 martensitic transformation is h110i k RD. (3) Based on the assumption that the stress induced transformation is accompanied with a reduction in potential energy of the external stress, only one variant of 00 was theoretically judged to be induced under tension along RD for the solution-treated alloys with 99% reduction in thickness. In this case, the maximum macroscopic transformation strain of 2.7% is available under RD tension. (4) The macroscopic transformation strain decreases with increasing the angle between RD and tensile direction (¼ ) in the ND-plane (¼ f112g ) and reaches less than one-third of that under RD tension when ¼ 90 . Theoretical evaluation predicts that the superior superelasticity appears in the RD-tension in this material and is in good agreement with the experimental results. " " Ã takes minimum value of 0.9% at ¼ 90 degrees (== TD ½1 1 11 ). The ratio " " ¼0 Ã = " " ¼90 Ã is 3.
